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A B S T R A C T
Segmental degeneration in the human lumbar spine affects both the intervertebral discs and facet joints. Facet
joint degeneration not only affects the cartilage surface, but also alters the cellular properties of the cartilage
tissue and the structure of the subchondral bone. The primary focus of this study is the investigation of these
microstructural changes that are caused by facet joint degeneration. Microstructural analyses of degenerated
facet joint samples, obtained from patients following operative lumbar interbody fusion, have not previously
been extensively investigated. This study analyzes human facet joint samples from the inferior articular process
using scanning electron microscopy, micro-computed tomography, and energy dispersive X-ray spectroscopy to
evaluate parameters of interest in facet joint degeneration such as elemental composition, cartilage layer
thickness and cell density, calcification zone thickness, subchondral bone portion, and trabecular bone porosity.
These microstructural analyses demonstrate fragmentation, cracking, and destruction of the cartilage layer, a
thickened calcification zone, localized calcification areas, and cell cluster formation as pathological manifesta-
tions of facet joint degeneration. The detailed description of these microstructural changes is critical for a
comprehensive understanding of the pathology of facet joint degeneration, as well as the subsequent
development and efficacy analysis of regenerative treatment strategies.
1. Introduction
Lower back pain is a major contributing factor to a diminished
quality of life, reduced mobility, and financial strain on healthcare
systems worldwide (Hoy et al., 2014). One substantial source of lower
back pain is attributable to degeneration of the lumbar facet joints
(Kalichman and Hunter, 2007; Gellhorn et al., 2013). Posterior lumbar
interbody fusion (PLIF) is currently one of the most common methods
for alleviating chronic pain from facet joint degradation and involves
excision of the affected joints and fixation of the vertebrae with screws
and segmental fusion (Lin et al., 1983; Prolo et al., 1986). However, this
procedure has the risk of intraoperative and postoperative complica-
tions in up to 16% of cases (Okuyama et al., 1999; Miyakoshi et al.,
2000; DiPaola and Molinari, 2008). Additionally, the surgery both
permanently limits patient flexibility and requires significant recovery
times (Gill and Blumenthal, 1993). It is therefore pertinent in the scope
of medical ethics to verify the necessity of PLIF in cases of lower back
pain and facet joint degeneration on an individual basis. Several clinical
grading systems have previously been suggested and rely on magnetic
resonance imaging (MRI) or computed tomography (CT) analysis to
justify treatment decisions (Pathria et al., 1987; Butler et al., 1990;
Coste et al., 1994; Weishaupt et al., 1999; Kettler and Wilke, 2006).
Unfortunately, these facet joint grading systems often have no relia-
bility analysis or fail to meet the current recommendations for
reliability (Little et al., 2015). However, studies assessing the validity
of clinical imaging based grading systems by comparative investiga-
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tions with microstructural data have been completed for other joints,
though rarely for lumbar facet joints (Berteau et al., 2015; Gersing
et al., 2016; Hawellek et al., 2016; Reina et al., 2016; Han et al., 2017).
Micro-computed tomography (μCT) (Cao et al., 2016) and scanning
electron microscopy (SEM) are ex vivo characterization techniques that
are useful in observing facet joint morphology and degeneration at a
microscopic scale (Friedmann et al., 2017). The purpose of this study is
to demonstrate the effective use of ex vivo microscopy methods for
comparison with clinical radiographic data (MRI and CT) to provide the
framework for future improved validation of lumbar facet joint grading
systems that evaluate accuracy of diagnosis rather than inter- and
intraoperative agreement alone. Morphological changes in the facet
joint due to degeneration are analyzed using μCT and SEM to provide
greater knowledge of the pathology of degradation and its impacts at
the micro-scale.
2. Materials and methods
2.1. Patients and samples
All tissue samples were collected as part of a clinical study, which
was approved by the Federal Ethics Committee of the medical faculty at
Martin Luther University Halle (#2011-47).
Lumbar facet joints from 38 patients (25 female, 13 male) were
microstructurally examined using SEM and μCT following procedural
excision during lumbar interbody fusion. Patient age ranged from 43 to
81 years old, with 79% of patients being 60 or older at the time of
surgery. In addition to patient sex and age, BMI values were also
documented. The analyzed portion of the facet joints is highlighted in
Fig. 1. Samples were comprised of partial fragments from the edge of
the facet joint surface (Fig. 1B). Given that all patients underwent
lumbar interbody fusion, degenerative changes in the joint samples
were to be expected. Osteoarthritis, as characterized by subchondral
sclerosis, was established on the basis of joint space reduction,
osteophytes, and subchondral cysts. Degenerative microstructural char-
acteristics of the chondral layer as well as the subchondral and spongy
bone structure were also analyzed.
2.2. Sample preparation
Facet joint samples were prepared for electron microscopy and μCT.
While the surgery was ongoing, samples were rinsed with phosphate-
buffered saline (PBS) by an assistant directly after excision and then
fixed with 2.5% glutaraldehyde in PBS. The samples were then
photographed for documentation and subsequent location of the
cartilage surface. Following fixation, joint samples were rinsed again
in PBS and then stained with 1% osmium tetroxide dissolved in PBS. In
addition to staining, osmium tetroxide has the secondary effect of fixing
unsaturated lipid bonds (Hayat, 2000). Immersion in the osmium
tetroxide solution lasted between 24 and 72 h, depending on the size
of each individual sample. Residual osmium was then removed via
stepwise dehydration in acetone (volume percent of anhydrous acetone:
10%, 30%, 50%, 70%, 90%, 100%; 6 h minimum per step). Samples
were then embedded in “Spurr” resin (Spurr, 1969) according to the
manufacturer protocol; samples were infiltrated in volume ratio 1:2,
1:1, 2:1, and 1:0 (resin:acetone) for 24 h and then cured for 12 h at
40 °C followed by 48 h at 70 °C. The embedded samples were ground
and polished in the transverse or longitudinal section to expose the
bone–cartilage cross section. The cross-sectional surface was sputter
coated with a 2–3 nm layer of platinum to provide conductivity for SEM
investigations and all other surfaces covered with vapor-coated gra-
phite.
2.3. Clinical grading systems
2.3.1. Pathria scale for facet joint assessment (CT based)
The classification method presented by Pathria et al. (1987)
describes the condition of the facet joints based on axial CT scans via
four grades: (0) normal: healthy facet joint space; (I) mild degeneration:
narrowed facet joint space, small osteophytes, mild hypertrophy of
articular process; (II) moderate degeneration: narrowed facet joint
space, moderate osteophytes, moderate hypertrophy of articular pro-
cess, mild subarticular bone erosions; (III) severe degeneration: nar-
rowed facet joint space, large osteophytes, severe hypertrophy of
articular process, severe subarticular bone erosions, subchondral cysts.
2.3.2. Pfirrmann grading system for disc degeneration (MRI based)
The Pfirrmann (Pfirrmann et al., 2001) grading system is based on
MRI T2 spin-echo weighted images and describes degenerative changes
of the intervertebral disc by analyzing water content and intradiscal
distribution patterns as well as disc height. Degeneration is described in
five grades: (I) homogeneous, hyperintense white signal, normal disc
height; (II) inhomogeneous, hyperintense white signal, clearly differ-
entiable nucleus and annulus, normal disc height; (III) inhomogeneous,
intermittent gray signal, unclear distinction between nucleus and
annulus, normal or slightly decreased disc height; (IV) inhomogeneous,
hypointense dark gray signal, no distinction between nucleus and
annulus, moderately decreased disc height; (V) inhomogeneous, hy-
pointense black signal, no difference between the nucleus and annulus,
collapsed disc space.
Fig. 1. Axial computed tomography of the lumbar spine shows severe facet joint degeneration (A). A facet joint sample (B) from the same patient excised during posterior lumbar
intervertebral fusion.
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2.3.3. Martinek grading system for articular cartilage degeneration
(histology based)
Martinek (2003) describes articular cartilage degeneration based on
histological and structural analyses. The following three grades are
described: (I) matrix disruption, superficial fibrillation, increasing
water content, decreased molecule size, loss of cross connections,
reduced cartilage strength; (II) increased chondrocyte activity, in-
creased metabolic activity, cell cluster formation, increased protease
activity, matrix degeneration, successive loss of cartilage (Fig. 3B); (III)
loss of cartilage tissue, cell death, subchondral sclerosis, subchondral
cyst formation (Fig. 3C).
2.3.4. Meyerding grading system (radiography based)
The radiography-based Meyerding (Meyerding, 1932) spondylo-
listhesis classification system categorizes degeneration by the ratio of
the overhanging part of the superior vertebral body in relation to
anteroposterior length of the adjacent inferior vertebral body. This
dislocation is described in five grades: (1) 1–25%; (2) 25–50%; (3)
50–75%; (4) 75–100%; (5)> 100% (spondyloptosis).
2.4. Microstructural investigations
2.4.1. Examination with scanning electron microscopy (SEM)
Microstructural investigation was performed using an FEI Quanta
3D FEG (field emission gun) SEM. The backscatter detector (BSE)
application was used to generate high-contrast images and minimize
image artifacts. All recordings were made with a focused electron beam
at an acceleration voltage of 10 keV, beam current of 43 pA, and work
distance of approximately 5 mm. Signal intensity is dependent on the
chemical composition of the block sample, resulting in a material
contrast image which reflects the distribution of various elements in the
object. Microstructural investigation of the facet joint surfaces began be
using the navigation montage mode to collate an overview image of the
entire sample surface to locate areas of interest. BSE-SEM provided
detailed imaging of the cellular structure and the separation of the
different tissue areas of the facet joints in cross section. The various
layers in the facet joint could be differentiated (cartilage, calcification
zone, subchondral bone), allowing for determination of comparative
layer thickness. To that end, image analysis was performed using the
life science microscopy image processing software cell^F (Olympus Soft
Imaging Solutions GmbH).
2.4.2. Elemental composition with energy dispersive X-ray spectroscopy
Energy dispersive X-ray spectroscopy was performed on three facet
joint samples using the EDX system (EDAX Inc., Mahwah, NJ, USA)
integrated into the scanning electron microscope, a Jeol JSM 7401 F
high-resolution SEM (JEOL USA, Inc., Peabody, MA, USA). This enabled
qualitative investigation of the elemental composition at the bone–-
cartilage interface. The samples were examined by spot analyses and
surface area analyses at an acceleration voltage of 30 keV. Signal offset
was determined by analysis of pure embedding resin. The osmium and
phosphorus peaks were separated by unfolding the spectra in the
analysis software TEAM™ EDS (EDAX Inc., Mahwah, NJ, US).
2.4.3. Investigations with micro-computed tomography (μCT)
The μCT unit used in this study was a phoenix nanome|x 180NF (GE,
USA). Volume reconstruction of the μCT scans was calculated via the
software program VGStudio MAX 2.2 (Volume Graphics GmbH,
Heidelberg, Germany). For examining the facet joint sample blocks,
image contrast was optimized by proper setting of the μCT parameters:
acceleration voltage (100 keV), radiation source current (100 μA),
detector sensitivity, and exposure time (400 ms). Eleven images were
collated by the detector for each of the 500-image pattern steps over a
360° rotation. With a resulting voxel size of 25 μm, visualization of all
tissue layers was possible with high X-ray density. Scans of biological
samples with a low absorption can be improved by increasing the
current in the X-ray tube.
Biological samples generally exhibit a weak absorption capacity,
however trabecular bone is considered a biological hard tissue due to its
calcification and is clearly visible in μCT images. Detection of soft
tissues such as cartilage is possible via osmium staining. For the
purposes of this study, μCT investigations served as a secondary method
to validate SEM results. A partial or complete loss of cartilage on the
sample surface was verified by the 3D image reconstruction of the joint.
2.4.4. Thickness of the cartilage layer and calcification zone
The cartilage layer thickness (Tcart) and relative thickness of the
calcification zone (tcalc) of both partial and whole facet joint samples
were analyzed based on the cross-sectional SEM imaging. Both para-
meters were measured in 20 facet joint specimens with a uniform layer
of cartilage. A mean value and standard deviation was calculated for
each sample based on measurements from 10 different locations on the
sample's SEM image. The calcification zone was defined and measured
as the interface layer between the bone and soft cartilage (Fig. 2A). The
thickness of the entire cartilage layer was calculated for each sample as
the sum of the mean thickness of soft cartilage and the mean thickness
of the calcification zone. The relative thickness of the calcification zone
was calculated as the percentage of the overall cartilage thickness. All
formulas are summarized in Table 1.
2.4.5. Cell density of the cartilage layer (Dc)
The cell density of the soft cartilage layer was calculated by manual
determination of the cell number in a defined area, averaged across
three locations in each sample's collated SEM image (Fig. 2B). The
defined area was constant for all three cell counts, with the 2D cell
density value defined as the number of cells per unit area (equation in
Fig. 2. (A) Schematic representation of the measurement sections for the calcification zone as well as for the soft cartilage layer at one location in the SEM image, illustrating the
delimitation of the total cartilage thickness between the bone and resin; (B) cell counts in three different areas of an SEM image within a defined area [represented by cell^F]. The section
area is 62,000 μm2; (C) the determination of the bone area (marked red by means of threshold detection) on the total area within the ROI of the spongy bone in the SEM image. The total
area of the bone surface is around 0.68 [represented by cell^F] with 57% bone percent/porosity. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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Table 1). Both the cell density and layer thickness are local measure-
ments from each sample's SEM images, under the given assumption that
this sampling is representative for the sample as a whole.
2.4.6. Bone portion (cb) and trabecular bone porosity (nb)
To determine the area fraction of the trabeculae in the cancellous
bone, bony elements were marked in the region of interest (ROI) using
threshold setting (Fig. 2C) and subsequently compared to the total
surface area. Measurements were collected at five different ROI's in the
collated SEM image and averaged. The 2D porosity of the spongy bone
is directly dependent on the flat portion of the bone, calculated as the
inverse of the total area of marked trabeculae (equation in Table 1).
3. Results
3.1. Patients and segment degeneration
The patient sample population was heterogeneous (Table 2), com-
prised of 25 women (66%) and 13 men (34%). At the time of surgery,
79% of patients were 60 years or older (age range 43–81 years). 17
patients were diagnosed with Meyerding Grade 1 spondylolisthesis
degeneration; the remaining 21 did not suffer from any grade of
spondylolisthesis. All patients demonstrated an advanced degeneration
of the intervertebral discs operated on, with 16 patients (42%) having
Pfirrmann grade IV degeneration and the remaining 22 (58%) having
Pfirrmann grade V. However, samples were obtained from spine
segments with a vertebral dislocation (Grade 1, according to Meyerd-
ing) just as often as from spinal levels that showed no spondylolisthesis
(Grade 0). Similarly, approximately the same numbers of samples came
from collapsed motion segments (Pfirrmann Grade 5) as from motion
segments with only moderately decreased disc height (Pfirrmann Grade
4) (Pfirrmann et al., 2001).
3.2. Degradation analysis by μCT and SEM
The samples were analyzed across multiple μCT cross-sections and
classified by their pathological degeneration according to Pathria
(Pathria et al., 1987). 10 samples showed slight degeneration (Grade
1, Fig. 3A), 12 others a marked micromorphological change (Grade 2,
Fig. 3B), and the remaining 16 an almost complete degeneration of the
cartilage surface (Grade 3, Fig. 3C). As such, the majority of the samples
(73.7%) had Grade 2 or 3 degeneration.
The μCT scans also showed that the angular error in the transverse
or longitudinal section of the cartilage, which is critical for the correct
measurement of the cartilage thickness in SEM images, was acceptable
in all but 2 samples. A deviation of 90° ± 10° between subchondral
bone plate and cartilage thickness is considered to be tolerable in
regard to biological material, which naturally varies in shape and size.
There was no significant correlation between uniform cartilage
layer and Pfirrmann-assessed intervertebral disc degeneration grade,
nor between uniform cartilage layer and Meyerding-assessed vertebral
sliding grade.
Both the μCT and SEM images showed tissue damage: cartilage
fragmentation and loss as well as cracks and defects within the
cartilaginous surface (Fig. 4A and B). This damage results in an
inhomogeneous, rough surface of the joint. The successive loss of the
hyaline cartilage on the articular surface reflects the arthritic changes of
the facet joint indicative of Pathria Grade II degeneration. In Pathria
Grade III, the subchondral bone is no longer covered by cartilage and
itself constitutes the new articular surface (Fig. 4C). This near complete
cartilage loss is a characteristic feature of arthritic changes. The bone,
serving as the joint surface, subsequently exhibits severe mechanical
wear.
The various cancellous bone structures are distinguishable: the
trabeculae, subchondral bone plate, calcification zone, and cartilage
layer. The calcified cartilage layer was clearly visible, forming the
transition between the bone and cartilage. This appears white in the
SEM images due to the high degree of calcification. With progressive
degeneration of the tissue, the calcification zone steadily grows in
thickness.
3.3. Layer thickness of the cartilage and the calcified zone
The overall cartilage layer thickness as well as the relative thickness
(%) of the included calcification zone were determined by SEM image
analysis (Fig. 1A). Due to unfavorable positioning of the tissue sample
in the resin, as evident from μCT imaging, 4 samples could not be
satisfactorily analyzed by SEM in terms of layer thickness. Some of the
samples that showed articular cartilage in the SEM image do not have a
uniform cartilage layer. In other samples the cartilage is present but
severely deformed (Table 3). Tissue damage was characterized in both
the SEM and μCT images by torn cartilage fragments as well as cracks
and defects within the cartilaginous surface (Fig. 4). The samples with
only Pathria Grade 1 and 2 degeneration have an at least approximately
uniform layer of hyaline cartilage on their articular surface.
In 10 of the facet joint samples (Table 3), the calcification zone is
already pathologically thickened. The calcification zone's percentage of
the entire cartilage layer is greater than in healthy articular cartilage,
where the calcified zone constitutes approximately one sixth (Bogduk,
2012) (about 15%) of the cartilage thickness. The remaining 10 samples
have a normal calcification zone thickness, i.e. below 15% of the total
cartilage layer thickness.
On average, the female samples have a thinner cartilage layer
(740 μm ± 140.5 μm) than that of the males. The mean cartilage
thickness of the male facet joints is approximately twice as much
(1311 μm ± 146 μm). No correlation between cartilage thickness and
patient age (at the time of surgery) was observed in either male or
female patients.
Similarly, there is no significant dependence of cartilage thickness
on patient BMI. There are facet joint samples of overweight patients
(BMI ≥ 25) as well as those of normal weight (BMI < 25) that have
very thin cartilage layers (below 1000 μm). Similarly, there are also
samples in both BMI groups which have a relatively well-preserved
cartilage layer. The same applies to the cartilage thickness of the
samples within the overweight range for the differentiation of non-
obesity (n= 8, 25≤ BMI < 30) and obesity (n = 8, BMI ≥ 30).
However, the samples with a strongly deformed or even absent layer
of the articular cartilage are almost exclusively those of overweight
patients. Of note, 13 of the 17 patients whose facet joints lack a uniform
cartilage layer are female.
3.4. Surface cell density and cellular alteration of the cartilage
The surface cell density of the chondrocytes in the articular cartilage
was determined by SEM image analysis. Cell counting was impossible
for the facet joint samples without a cartilage layer or those without
recognizable cartilage cells, as seen in the SEM image. As such, these
sample were excluded from this particular analysis and surface cell
Table 1
Calculation formulas for inquiries about degeneration related tissue parameters.
Formula Description
t = × 100%calc
Tcalc
Tcalc Tsoft+
Tcart = Tsoft + Tcalc
Tcart: thickness of entire cartilage layer [μm]
Tcalc: thickness of calcification zone [μm]
Tsoft: thickness of soft cartilage [μm]




Dcell: cell density [cells/mm2]
Ncell: number of cells
A: area [mm2]
nb = 100%− cb nb: trabecular bone porosity [%]
cb: bone portion [%]
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density was determined for the remaining 20 samples (Fig. 5).
All samples demonstrated the formation of cell clusters, making cell
density very inhomogeneous over the sample cross-section and result-
ing in relatively large scattering of the measurements.
Within the cartilage layer there are local calcifications of the tissue
through which cell clusters build up extracellular matrix with strong
material contrast (Figs. 4–6).
3.5. Trabecular portion and porosity of the spongy bone
Trabecular bone portion and cancellous bone porosity were deter-
mined for each facet joint sample (Table 4).
The bone portion varies between 19.57% and 70.93%, with a mean
value of 47.95% ± 11.71%. The average porosity of the samples is
52.04% ± 11.71%, ranging from 29.07% to 80.53%. No significant
correlation between either trabecular bone portion or cancellous bone
porosity to patient sex, age, or BMI were found within the sample
population group.
3.6. EDX analysis
EDX was performed on the samples in tandem with SEM imaging
(Fig. 6A) in the boundary layer between bone and cartilage, i.e. the
calcification zone. As expected, increased calcium and phosphorus
content is present in the areas with a high SEM material contrast. The
proportion of the osmium contrast medium is negligibly small in this
context.
Across all investigated samples, the calcium content is highest in the
region of the calcification zone, at 13.12% (Fig. 6(1)). There is hardly
any calcium present in the damaged cartilage tissue region (Fig. 6(2)).
Additionally, the subchondral bone region has a lower calcium content
(9.53%) than the calcification zone. The phosphorus to calcium ratio of
1.42 suggests the presence of calcium phosphate in both areas. In
samples with Pathria Grade 2 or 3 microstructural damage, the
remaining cartilage layers have increased material contrast. In contrast
to the cartilage tissue, the proportion of calcium and phosphorus in the
direct vicinity (Fig. 6(3) and (6)) of the cells (Fig. 6(4) and (5)) is
greatly increased and approximately corresponds to that of the
calcification zone. For the two areas analyzed on the facet joint




Hyaline articular cartilage in adults is devoid of any blood supply,
lymphatic drainage, or innervation. Moreover, the chondrocytes are
shielded by a broad extracellular matrix from both cellular repair
mechanisms and the supply of nutritive substances originating from the
synovial fluid. Pluripotent cells, which can be found in muscular tissue
for the purpose of regeneration, are not present in articular cartilage.
The reaction of cartilage tissue to injury differs from the classical three-
phase trauma healing associated with vascular tissue (necrosis, inflam-
mation, and repair). Due to cartilage's avascularity, there is no
migration of inflammatory cells to the site of injury. Cartilage tissue
Table 2
Clinical starting position of the excised samples. For weight classification applies: 0 normal weight; 1 overweight; 2 obesity
Sample Sex Age Disc level BMI Weight classification Disc degeneration by Pfirrmann et al. (2001) Spondylolisthesis by Meyerding (1932)
01 F 43 L4/L5 24.77 0 4 0
02 M 46 L5/S1 23.77 0 4 1
03 F 76 L4/L5 25.64 1 4 1
04 F 76 L4/L5 30.46 2 5 1
05 M 72 L4/L5 28.09 1 5 0
06 F 70 L4/L5 24.92 0 4 0
07 M 68 L4/L5 30.10 2 5 1
08 M 70 L4/L5 31.67 2 4 0
09 F 74 L4/L5 32.90 2 4 1
10 F 62 L4/L5 38.97 2 4 0
11 F 57 L4/L5 20.55 0 4 1
12 F 77 L4/L5 28.13 1 5 1
13 F 74 L4/L5 32.42 2 5 0
14 F 72 L4/L5 36.98 2 4 1
15 F 80 L5/S1 24.09 0 4 0
16 M 64 L4/L5 29.63 1 4 0
17 F 48 L4/L5 26.90 1 4 1
18 M 76 L2–S1 30.45 2 5 0
19 F 72 L2/L3 27.85 1 4 0
20 M 80 L3/L4 29.41 2 4 1
21 F 76 L3/L4 25.21 1 5 0
22 F 70 L4/L5 24.01 0 4 0
23 F 81 L3/L4 28.05 1 5 0
24 F 58 L5/S1 31.60 2 5 0
25 F 61 L4/L5 34.22 2 5 1
26 M 66 L3/L4 33.21 2 4 1
27 M 60 L4/L5 27.31 1 4 0
28 F 71 L4/L5 26.17 1 5 1
29 M 50 L4/L5 31.44 2 4 0
30 F 75 L4/L5 26.57 1 4 0
31 F 55 L5/S1 22.49 0 5 0
32 F 57 L4/L5 33.95 2 5 1
33 F 62 L4/L5 28.26 1 5 1
34 M 71 L4/L5 24.28 0 4 0
35 M 81 L3/L4 24.11 0 5 0
36 M 64 L4/L5 26.45 1 4 0
37 F 75 L3/L4 28.19 1 5 1
38 F 60 L4/L5 37.33 2 4 1
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contains natural inhibitors that block vessel and macrophage infiltra-
tion. Cartilage does however possess chondrocytes, but these are not
able to migrate to damaged areas because they are “trapped” in a
matrix of collagen and proteoglycans. To generate additional knowl-
edge and more detailed descriptions of human facet joints, this study
analyzed excised facet joint samples (n= 38) in regard to the calcifica-
tion zone, cartilaginous cell density, and structural changes of sub-
chondral bone. These parameters were then evaluated according the
classifications of Martinek and Pathria for articular surface degenera-
tion. CT scans were assessed to characterize structural impairments
such as cracks and separation defects as well as the general loss of
homogeneity. Additionally, EDX analyses verified identification of
calcification zones by determining elemental calcium and phosphorus
concentration.
4.2. Facet joint degeneration
All samples showed microstructural degeneration of the articular
surface, which supports the clinical CT assessment using the Pathria
scoring system. From this score, all articular surfaces were evaluated
with Grade I or worse degeneration. The examined facet joint speci-
mens were assigned to three grades of arthritic chondral degeneration
based on the cellular and morphological characteristics of the cartilage
Fig. 3. μCT analysis of facet joint samples according to Pathria. (A) Almost continuously
preserved cartilage layer; (B) Grade 2 with successive cartilage loss; and (C) Grade 3 with
near complete cartilage loss.
Fig. 4. SEM images showing successive cartilage loss. The cartilage has mechanical damage in the form of (A) detachments (***) and tearing (**), (B) defects (*) in the joint surface, and
(C) complete cartilage loss with subchondral bone as the bare joint surface.
Table 3
Layer thickness measurement results.
Sample Tcart Tcalc tcalc Pathological damage
[μm] [μm] [%]
01 396 60 15 –
02 1532 211 14 –
06 495 41 8 –
07 1761 182 10 –
08 1366 50 4 –
11 924 449 49 X
13 654 85 13 –
15 1296 309 24 X
16 232 89 38 X
17 550 108 20 X
18 1523 353 23 X
19 545 60 11 –
20 1340 139 10 –
22 427 75 18 X
32 1143 145 13 –
34 1388 59 4 –
35 1054 640 61 X
36 1589 299 19 X
37 722 130 18 X
38 962 179 19 X
Fig. 5. Cell density for facet joint samples. The line indicates the threshold value for a
pathologically increased cell number at> 45 mm−2 (Stockwell, 1967).
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tissue. The hyaline cartilage within a joint is composed of layers that
vary, especially in regards to thickness, cell density, and matrix
composition. The soft cartilage consists of the superficial, intermediate,
and radial zone and is influenced by degeneration from both of its
boundary surfaces. The superficial zone is damaged by mechanical
impacts from torsion, extension, and compression of the spine.
Abrasions can extend to the deeper layers of the intermediate zone
and even into the radial zone. Based on the internal bony structures, the
“tidemark,” or interface between the deep zone and calcified cartilage,
is ruptured and the radial zone is calcified (Mansour, 2009). These
effects lead to thinning of the soft cartilage.
4.3. Segment degeneration
None of the specimens possessed a healthy articular surface. This
was unsurprising given that all facet joint samples were excised during
a spinal fusion procedure due to existent spine disease. All patients
showed Pfirrmann grade IV or V intervertebral disc degeneration and
decreased disc height. The reduced disc height seen in all affected
motion segments increases the impact load on the dorsal column, which
is supported by the facet joints. When disc degeneration and height loss
become severe, there is a radical shift in compressive load bearing from
the vertebral body to the neural arch. High, abnormal load bearing in
these joints is closely associated with cartilage loss and osteoarthritis
(Ivicsics et al., 2013). The present data support the presumption of
increased facet joint degeneration following disc degeneration (Ivicsics
et al., 2013). Alternatively, severe facet joint damage results in
increased loading of the corresponding disc and may accelerate its
degeneration. Degenerative changes in the disc are almost always
accompanied by osteoarthritic alterations of the facet joints. Many
biomechanical and histological studies have highlighted the close
functional relationship between lumbar discs and their associated facet
joints, and it is conceivable that their degenerative changes are
interdependent. However, separation of cause from effect still remains
controversial and is discussed at length in literature. A recent histolo-
gical investigation in sheep (Moore et al., 1996) has clearly defined the
possible development of facet joint arthritis as a response to disc
degeneration. Butler et al. also concluded that discs degenerate before
facet joints based on assessments of disc degeneration by MRI and facet
joint arthritis by CT. On the other hand, other studies have not
confirmed this relationship, as facet joints with marked cartilage
Fig. 6. The SEM images A, B, and C show the areas of EDX analysis. Calcification zone (1), cartilage tissue (2) Osteocytes (4) and (5) calcify their environment (3) and (6).
Table 4
Determination of the bone content and the porosity of the cancellous bone for all facet
joint samples in area proportion.
Sample Bone content
[%]
Porosity [%] Sample Bone content
[%]
Porosity [%]
01 39.25 60.75 20 43.46 56.54
02 40.19 59.81 21 40.17 59.83
03 52.18 47.82 32 46.10 53.90
04 61.73 38.27 23 36.38 63.62
05 45.49 54.51 24 43.27 56.73
06 40.91 59.09 25 39.60 60.40
07 42.40 57.60 26 39.55 60.45
08 60.04 39.96 27 37.10 62.90
09 69.15 30.85 28 47.81 52.19
10 70.93 29.07 29 70.92 29.08
11 41.65 58.35 30 53.42 46.58
12 53.54 46.46 31 60.83 39.17
13 40.46 59.54 32 42.39 57.61
14 42.00 58.00 33 38.35 61.65
15 64.54 35.46 34 52.75 47.25
16 67.44 32.56 35 36.39 63.61
17 43.63 56.37 36 59.82 40.18
18 56.96 43.04 37 46.23 53.77
19 35.73 64.27 38 19.47 80.53
F. Goehre et al. Micron 100 (2017) 50–59
56
damage and no detectable associated disc degeneration have been
reported. The present study shows that in segments with a Pfirrmann
grade IV and V, severe degeneration with a diffuse deterioration of the
cartilage surface is observed. However, for further verification of a
significant correlation between Pfirrmann grade and the degree of
degeneration of the facet joint articular surface, a higher number of
samples would be necessary.
4.4. Surface abrasion
The biomechanics of the evaluated joints is altered fundamentally.
Healthy facet joints perform an almost frictionless sliding movement
thanks to the physical characteristics of the cartilaginous surfaces and
the lubricating synovial fluid. Due to the progressive loss of cartilage, a
inhomogeneous and uneven surface forms. Consequently, the sliding of
the articular surfaces is impeded and friction-reducing systems are
disturbed. The high roughness broadens the articular surface and alters
tribological qualities. This increased friction further aggravates the
joint and causes worse abrasions. The cartilage layer becomes thinner
and thinner until the cartilage is almost entirely removed, leaving an
articular surface consists solely of the subchondral bone. Eventually,
articular movement grinds directly on the surface of innervated bone.
This results in every movement causing pain due to the direct
application of load onto bony tissue. The progressive degeneration also
leads to a dysfunction of biochemical processes in the cartilage. The
samples analyzed show various degrees of cartilage degeneration.
Twenty-one samples had a homogenous, though thinned cartilage layer
thickness, ten samples showed a segmental loss of cartilage, and the
remaining seven samples had nearly no cartilage surface left.
4.5. Cellular density
Healthy cartilage has a relatively low concentration of cells,
representing only 5% of the total tissue volume. In degenerated
cartilage however, the cellular number increases as cells proliferate
and form clusters. These cells are then unable to move within the
interwoven collagen fibers and proteoglycans of the extracellular
matrix and remained trapped in place. The increased cell density
represents the autonomic attempt to counteract arthritic changes and
compensate for cartilage damage and is therefore a reliable marker of
degeneration.
The facet joint belongs to the diarthroses group (Netter, 2014) and
the overall structure of the zygapophyseal cartilage surface is compar-
able to various other human joints such as the femoral head (Mansour,
2009). As such, the cell density should also be comparable. In 1967
Stockwell determined the relevant healthy threshold at 45 cells/mm2.
Zanker et al. described the cell density of the medial condyle as a
standard human articular cartilage with 45 cells/mm2 (Zanker, 2001).
The SEM image of cartilage in a progressed degenerative state shows an
excess of cells and an increase cellular density. This type of uncon-
trolled proliferation can be found in almost all of the examined
specimens. In our analyses, seven samples showed a complete loss of
the cartilage surface, representing late-stage degeneration. As such,
determination of cell density was not possible. The cartilage layer of
only one sample showed a normal cell density, belonging to an 81-year-
old person of normal weight. The other samples show an increased cell
density in 19 of 20 cases, which is characteristic of arthritic articular
cartilage. Although the articular process exhibits a homogeneous
cartilage layer, it also already shows areas of increased calcification.
In light of this, we assume that the chondrocytes have already exceeded
the threshold for pathological proliferation. At this stage of degenera-
tion, which correlates to Grade 2 according to Pathria, the facet joint is
usually ossified heavily to severely limit joint movement. Due to the
lack of loading on the joint, the articular surface is not engaged and
there is no mechanical abrasion. As such, the cartilage layer remains
nearly undamaged.
4.6. Subchondral sclerosis
Another criterion for osteoarthritis is subchondral sclerosis, which
results in the progressive calcification of the cartilage. As the calcifica-
tion zone widens, making up 15% or more of the cartilage layer, the
adjacent bone condenses and the cartilage becomes much more rigid
(Berteau et al., 2013). These processes are interdependent and occur
simultaneously. The sole purpose of the calcification zone is to secure
the articular cartilage to the bone surface. As already mentioned above,
hyaline cartilage is associated with a limited ability to regenerate.
Superficial injuries to the cartilaginous tissue, which typically occur far
from the bone surface, show no tendency to heal and there is no
observable, effective repair process. Instead the defect persists, broad-
ens due to mechanical abrasion, and may lead to an arthrosis of the
corresponding joint. The superficial zone of the cartilage erodes and
disappears. The abrasion of the cartilage may also breach the deeper
zones. In cases where the damage affects not only the cartilage but also
the bone, a distinct repair process is initiated. Osteocytes immigrate to
the cartilage and replace the defect with granulation tissue. The
“tidemark” is penetrated and the radial zone becomes calcified,
increasing the overall thickness of the calcified zone. The soft cartilage,
which serves as a load-bearing cushion during facet joint movement,
loses substance. It thins and loses the ability to effectively compensate
and transmit loads, resulting in poor shock absorption of impacts. As
the total cartilage volume decreases, the mechanical pressure on the
remaining tissue increases proportionally. The rigidification of the
tissue lessens both its elasticity and plasticity, leading to cuts and
cracks in the cartilage as well as the bone tissue. The articular surface
gradually deteriorates from degenerative changes of the tissue. This
decrease in the cartilage layer amplifies the impact on the subchondral
bone as well as the cancellous bone. Due to the modified load
transmission, a restructuring of the bone occurs at the trabecular level.
The bony structure is remodeled according to the warped angles in the
joint and a new architecture is generated based on the shifted loads
(Kawcak et al., 2001). The cancellous bone is stabilized by the
generation of additional trabecular mesh in order to offer impact
resistance. This leads to increased trabecular volume, which also
influences the characteristics of the cancellous bone, increasing its
rigidity and decreased plasticity. As a result, the cancellous bone is no
longer able to absorb the applied forces effectively. The relative
trabecular fraction (BV/TV) of physiologically healthy joints is between
22.5% and 35% (Zanker, 2001). For the two segments forming the facet
joints, the inferior articular process has a higher bone volume than the
superior articular process. The bone portion of the cancellous bone
gradually decreases moving from the upper to the lower joint region
(Zanker, 2001). None of the samples showed a trabecular fraction in the
normal range of 22.5–35% (Zanker, 2001); most samples had an
increased BV/TV. Half of the samples (n = 18, 49%) had a bone
fraction of 35–45%. One sample (F48), which showed a homogenous
cartilage layer and a thickened calcification zone, actually had a
decreased cancellous bone fraction. This sample is from a 60-year-old
female with Grade 2 adiposity who belongs to the risk group for
osteoporosis. In this case, the body was not able to adapt to the
modified load conditions and an increased degradation of the bone led
to a less dense trabecular mesh. Due to the decreased trabecular mesh
density the bone has diminished rigidity, which results in a heightened
susceptibility for pathological fractures. Twenty samples showed an
enlarged calcification zone between the soft cartilage and subchondral
spongy bone. We assess this as Grade III degeneration according to
Martinek. However, there was no significant correlation between age,
gender, or BMI as is known to others joints (Wilke et al., 2012; Reina
et al., 2016). The samples excluded due to loss of the calcification zone
were most commonly from female (76%), elderly (> 60 years, 88%), or
overweight patients (94%).
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4.7. Energy dispersive X-ray spectroscopy
EDX analysis identified the area between the cartilage and bone,
contrasted in the SEM image, as the calcification zone due to the high
levels of phosphorus and calcium present there. The relative calcium
and phosphorus concentrations detected indicate the presence of
hydroxyapatite and calcium phosphate. Hydroxyapatite is composed
of calcium, phosphorus, oxygen, and hydrogen (Lee et al., 2006;
Hristova et al., 2011). The stoichiometric ratio of calcium to phos-
phorus is 5:3 for hydroxylapatite (Lee et al., 2006). The ratios for
calcium to phosphorus determined from the measured atomic ratio are
approximately 10:7 (7.1 ± 0.25). Therefore, it may be assumed that
hydroxyapatite is incorporated into both the bone and calcification
zone. The presence of calcium phosphate in the calcified areas is also
assumed. With progressive degeneration of the facet joints, calcification
spreads to the soft cartilage tissue. The hydroxylated calcium phosphate
salt hardens the cartilage and causes rigidification of the facet joint
surface. The presence of fluorine, sodium, magnesium, chlorine, and
potassium indicates that the calcified zone contains other mineral
compounds in addition to hydroxyapatite. The occurrence of bone
minerals such as calcium chloride, calcium fluoride, and magnesium
phosphate is assumed since the calcification zone also contains
chlorine, fluorine, and magnesium in small amounts. The EDX analysis
also confirms that cells are located in the cartilage (Fig. 6B and C),
which fill their immediate environment with osseous extracellular
matrix (Fig. 6(3)–(6)). It can be assumed that these are bone-forming
cells, which migrate into the cartilaginous tissue. The increased
proportion of calcium and phosphorus indicates the incorporation of
inorganic minerals as the basis for the bony, hard substance in the
cartilage. Fluorine, sodium, magnesium, chlorine, and potassium have
been detected as additional salts and salt-forming elements in the
vicinity of the cells. The cartilage tissue hardens as a result of bony
infiltration and the soft, elastic cartilage layer thins. This reduces the
proportion of soft cartilage tissue, increasing the proportional thickness
of the calcification zone. Thereby sclerosis occurs, which is character-
istic of osteoarthritis.
4.8. Back pain
Kalichmann et al. found no association between back pain and
degenerative features of the lumbar spine, such as intervertebral disc
narrowing, facet joint osteoarthritis, and degenerative spondylolisth-
esis. Another study showed that microscopic changes occur in the
intervertebral discs and facet joints from an early age. Both examples
demonstrate that the existence of degenerative changes in the motion
segments alone is not necessarily associated with low back pain. It still
remains unclear why some patients with degenerative changes suffer
from low back pain while others are asymptomatic. This phenomenon
and the triggering factor for low back pain require further investigation.
4.9. Limitations
The methods employed in this study can be used to map all
characteristics of degeneration. It has been shown that μCT and SEM
with EDX allow a very detailed classification of individual degenerative
characteristics. As such, the sample size of 38 patients is not sufficient
to allow for a significant correlation of microstructural degeneration
parameters to available clinical data. That means that the identification
of statistically significant measurement categories is not possible. The
influence of the sample material, preparation method, and the potential
and limitations of the microstructural investigations on the gained
results are versatile. However, all samples are degenerated human
lumbar facet joints obtained from the inferior articular process. The
various dependencies shown in this study can therefore be used as the
basis for a complex power analysis to determine the optimal group size.
The specimens were not obtained from autopsy but were excised
during surgery. Consequently, entire joints are not available for
microstructural examination. Furthermore, the thickness of the carti-
lage depends on the depth of the surgeon's cut. If the cut is not
orthogonal to the cartilaginous layer, error is introduced when measur-
ing the cartilage thickness from the SEM images due to the angle error α
(Fig. 6(1)). To combat this, the angle error is calculated from the μCT
images. If the angle between the cut and cartilage cross section is less
than±10°, measurement errors are minimal (< 1.5%). Such a small
margin of error lies far below the values for the standard deviation of
the measured cartilage thicknesses. Therefore, the calculated angle
errors are not included. The complete analysis of the images was
conducted manually, therefore human error from individual assessment
is always a possibility as identical features can be interpreted slightly
differently by different observers.
5. Conclusion
Known degenerative features of the articular cartilage can also be
seen at the human facet joint. In order to make a definitive statement
about the dependence of the micromorphological degeneration on
relevant clinical data, as well as about the microstructural parameters
themselves, the number of the analyzed samples needs to be increased.
Human facet joint samples were successfully characterized with
SEM, μCT, and EDX. These techniques allow for high-resolution
assessment of morphological features of facet joint degeneration.
Nearly all samples demonstrated high-grade structural damage, includ-
ing cartilage layer erosion from fragmentation and cracking, a patho-
logically thickened calcification zone, local calcification sites, and cell
cluster formation. The results of the microstructural examinations
confirmed the findings of clinical imaging, i.e. computed tomography
and magnetic resonance imaging. Furthermore, the applied methodol-
ogies allow for more precise statements on the degenerative micro-
morphological changes of facet joints. The comparison of these
techniques can lead to more accurate conclusions from clinical imaging.
In order to make a significant statement about micromorphological
degeneration's dependence on the clinically relevant data, as well as
about the microstructural parameters among themselves, the number of
the analyzed samples needs to be increased.
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